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Introduction
Centromeric chromatin, in which centromere protein A (CENP-A) 
replaces histone H3, is organized during mitosis to form a 
surface for kinetochore assembly (Palmer et al., 1991; Sullivan 
et al., 2001; Cleveland et al., 2003). Studies of neocentromeres, 
which spontaneously form at low frequency on acentric chromo-
some fragments, have suggested that CENP-A nucleosomes 
rather than specifi  c DNA sequences defi  ne centromere activity 
(Choo, 2000). The mechanisms that load CENP-A nucleosomes 
onto chromatin and maintain their restricted distribution are 
topics of active investigation (Henikoff and Dalal, 2005). Work 
in budding and fi  ssion yeasts has identifi  ed proteins that con-
tribute to CENP-A localization (Takahashi et al., 2000; Mellone 
and Allshire, 2003; Hayashi et al., 2004), including the general 
chromatin-remodeling complex CAF-1. However, because 
CAF-1 inhibition destabilizes CENP-A protein levels, it is 
unclear whether CAF-1 has a direct role in CENP-A loading 
(Hayashi et al., 2004).
To identify proteins that are required to localize CENP-A, 
we took an unbiased functional genomic approach in the nema-
tode Caenorhabditis elegans. C. elegans has holocentric chromo-
somes in which kinetochores form along the entire length of 
each sister chromatid instead of being confi  ned to a localized 
chromosomal region. Fundamental similarities in the mitotic 
kinetochores of holocentric and monocentric chromosomes 
are indicated by both high resolution ultrastructural studies 
and conservation of the constituent proteins, from CENP-A 
on the DNA to components of the spindle microtubule inter-
face (for review see Maddox et al., 2004). In both types of 
chromosome architectures, CENP-A is restricted to a subset 
of chromatin organized on opposing faces of sister chroma-
tids to geometrically constrain kinetochore assembly and en-
sure correct attachment to the spindle (Buchwitz et al., 1999; 
Oegema et al., 2001). These similarities suggest that the mech-
anism of CENP-A loading is likely to be conserved between 
holocentric chromosomes of C. elegans and monocentric chromo-
somes of vertebrates. In this study, we provide evidence for 
this assertion by identifying and characterizing a protein fam-
ily with a Myb-like DNA-binding domain that is specifi  cally 
required for CENP-A loading in both nematodes and mamma-
lian cells. Identifi  cation of this protein class provides a starting 
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ucleosomes containing the centromere-speciﬁ  c 
histone H3 variant centromere protein A (CENP-A) 
create the chromatin foundation for kineto-
chore assembly. To understand the mechanisms that 
selectively target CENP-A to centromeres, we took a func-
tional genomics approach in the nematode Caenorhabditis 
elegans, in which failure to load CENP-A results in a 
signature kinetochore-null (KNL) phenotype. We identi-
ﬁ  ed a single protein, KNL-2, that is speciﬁ  cally required 
for CENP-A incorporation into chromatin. KNL-2 and 
CENP-A localize to centromeres throughout the cell cycle 
in an interdependent manner and coordinately direct 
chromosome condensation, kinetochore assembly, and 
chromosome segregation. The isolation of KNL-2–  associated 
chromatin coenriched CENP-A, indicating their close 
proximity on DNA. KNL-2 deﬁ  nes a new conserved fam-
ily of Myb DNA-binding domain–containing proteins. The 
human homologue of KNL-2 is also speciﬁ  cally required 
for CENP-A loading and kinetochore assembly but is only 
transiently present at centromeres after mitotic exit. These 
results implicate a new protein class in the assembly of 
centromeric chromatin and suggest that holocentric and 
monocentric chromosomes share a common mechanism 
for CENP-A loading.
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point for understanding the mechanism of this critical step in 
genome inheritance.
Results and discussion
In C. elegans, RNAi-mediated protein depletion is highly pen-
etrant and largely independent of intrinsic protein turnover, 
making it possible to generate oocytes that are >95% depleted 
of a target protein (Oegema and Hyman, 2006). Fertilization 
of depleted oocytes triggers the fi  rst embryonic mitosis, which 
is highly stereotypical and, therefore, amenable to quantitative 
live imaging assays (Video 1, available at http://www.jcb.org/
cgi/content/full/jcb.200701065/DC1). In CeCENP-A–depleted 
embryos, kinetochores fail to form, resulting in a distinctive 
kinetochore-null (KNL) phenotype characterized by cluster-
ing of chromosomes from each pronucleus, premature  spindle 
pole separation, defective chromosome alignment, and fail-
ure of chromosome segregation (Fig. 1 A and Video 2; Oegema 
et al., 2001).
To systematically identify the set of C. elegans proteins 
whose depletion results in a KNL phenotype, we used a fl  uores-
cence microscopy–based assay to rescreen a collection of  250 
genes implicated in chromosome segregation by a previous 
comprehensive genome-wide screen. In the initial screen that 
targeted 98% of the  19,000 predicted C. elegans genes 
(Sonnichsen et al., 2005), embryos individually depleted of each 
of the  1,700 gene products required for embryonic viability were 
fi   lmed by differential interference contrast (DIC) microscopy. 
Cluster analysis of the DIC video data revealed a set of  250 
genes that are generally required for chromosome segregation 
(Sonnichsen et al., 2005). Because the KNL phenotype is not dis-
cernable by DIC, we used high resolution fl  uorescence time-lapse 
imaging to analyze living embryos coexpressing GFP-histone 
H2b and either GFP–γ-tubulin or GFP–α-tubulin that were 
depleted of each of these 250 gene products (unpublished data). 
This approach, which is expected to uncover all nonredundant 
gene products whose inhibition results in a KNL phenotype, iden-
tifi  ed fi  ve proteins: CeCENP-A, CeCENP-C, KNL-1, KNL-2, 
and KNL-3. Three of these, CeCENP-C, KNL-1, and KNL-3, 
function downstream of CeCENP-A because they require 
CeCENP-A to localize to kinetochores, and their depletion does 
not prevent CeCENP-A targeting (Oegema et al., 2001; Desai 
et al., 2003; Cheeseman et al., 2004). The remaining KNL 
protein, KNL-2 (K06A5.4), specifi  cally targets CeCENP-A to 
chromatin (see Fig. 2) and represents the only such protein 
identifi  ed by this comprehensive strategy.
The depletion of KNL-2 resulted in a defect in mitotic 
chromosome segregation that was essentially identical to that of 
CeCENP-A–depleted embryos (Fig. 1 A and Video 3, available 
at http://www.jcb.org/cgi/content/full/jcb.200701065/DC1). 
Premature separation of spindle poles, indicating the absence 
of kinetochore-microtubule attachments, was quantitatively simi-
lar for the two depletions (Fig. 1 B). In contrast to CeCENP-A 
depletions (Video 2; Monen et al., 2005), KNL-2 depletion also 
resulted in a meiotic chromosome segregation defect that is evi-
dent from the aberrant nature of the oocyte pronucleus (on the 
embryo anterior/left side in Video 3). The meiotic role of KNL-2 
in the segregation of holocentric C. elegans chromosomes is 
not discussed further here and will be the subject of a sepa-
rate study. KNL-2 is an  103-kD basic protein with a short 
coiled-coil stretch and a bipartite nuclear localization sequence. 
Sequence analysis revealed the presence of a divergent version 
of a DNA-binding domain at its C terminus, which was fi  rst 
 defi  ned in the protooncogene Myb (Fig. 1 C). Myb domains as 
well as the related SANT domains are present in a large num-
ber of proteins implicated in chromatin dynamics, including 
Figure 1.  KNL-2 is a novel Myb domain protein whose 
  depletion results in a CeCENP-A loss of function phenotype. 
(A) Images of control, CeCENP-A, and KNL-2–depleted em-
bryos expressing GFP-histone H2b (arrow) to mark chromo-
somes and GFP–γ-tubulin (arrowheads) to mark the spindle 
poles. Time is given in seconds relative to nuclear envelope 
breakdown (NEBD). (B) Spindle pole separation kinetics in 
control, CeCENP-A depletion, and KNL-2 depletion. Error 
bars represent the SEM with a conﬁ  dence interval of 0.95. 
(C) Primary sequence features of KNL-2. The divergent Myb 
domain (amino acids 624–677) is shown on the bottom for 
C. elegans, C. briggsae, and C. remanei KNL-2. The pre-
dicted helical secondary structure is shown under the se-
quences, and the conserved tryptophan (W) residues are 
boxed in red. (D) KNL-2 and CeCENP-A colocalize at kineto-
chores during mitosis. (E) GFP–KNL-2 exhibits kinetochore 
localization. (F) KNL-2 localizes to kinetochores in later 
embryonic divisions. A multicellular embryo in which DNA (red) 
and KNL-2 (green) are labeled is shown. Bars (A, D, and E), 
5 μm; (F) 10 μm.A MYB DOMAIN PROTEIN REQUIRED FOR CENP-A LOADING • MADDOX ET AL. 759
  transcription factors and subunits of chromatin-remodeling en-
zymes that interact with histones (Aasland et al., 1996; Lipsick, 
1996; Mo et al., 2005). Homologues of KNL-2 were present in 
nematodes closely related to C. elegans, but a clear link to Myb 
domain proteins in other organisms was not evident in initial 
bioinformatic analysis (see Fig. 4 for more on this topic).
To determine the subcellular localization of KNL-2, we 
generated an affi  nity-purifi  ed antibody and a stable C. elegans 
strain expressing a GFP fusion with KNL-2 (Video 4, available 
at http://www.jcb.org/cgi/content/full/jcb.200701065/DC1). 
Both tools revealed that KNL-2 localizes to the centromere/kineto-
chore region throughout mitosis (Fig. 1, D and E). The specifi  city 
of antibody localization was established using RNAi-mediated 
protein depletion (Fig. 2 A). Because our screening strategy fo-
cused on the fi  rst embryonic division, it was possible that the 
function of KNL-2 was limited to the specialized changes in 
genome architecture that immediately follow fertilization. How-
ever, KNL-2 was observed at kinetochores throughout embryo-
genesis (Fig. 1 F), and an RNAi-based strategy in which KNL-2 
is not inhibited until after early embryogenesis (Maddox et al., 
2005) indicated a continuous requirement for KNL-2 during 
  development (Fig. S1).
The depletion of KNL-2 prevented the localization of 
  CeCENP-A to chromatin (n = 29 fi  rst-division embryos; Fig. 2, 
A and C) but did not affect the stability of CeCENP-A protein 
(Fig. 2 D). The chromosomal targeting of KNL-2, in turn, re-
quired CeCENP-A (Fig. 2 A), indicating that these two proteins 
are interdependent for their localization. In contrast to its effect 
on CeCENP-A localization, the depletion of KNL-2 did not af-
fect the chromosomal targeting of histone H3 (Fig. 2, B and C) 
or GFP-histone H2b (Fig. 1 A), indicating that KNL-2 is specif-
ically required for loading CeCENP-A. The interdependence 
of KNL-2 and CeCENP-A localization was further confi  rmed 
using the live imaging of embryos expressing GFP–KNL-2 or 
GFP–CeCENP-A (Videos 4–7, available at http://www.jcb.org/
cgi/content/full/jcb.200701065/DC1).
Reciprocal depletion and localization experiments place 
CeCENP-A at the top of the kinetochore assembly hierarchy 
(Oegema et al., 2001; Desai et al., 2003; Cheeseman et al., 
2004). The interdependence of KNL-2 and CeCENP-A for 
chromosomal targeting (Fig. 2 A) predicted that KNL-2, like 
CeCENP-A, should be upstream of other kinetochore compo-
nents. To test this prediction, we examined the recruitment of 
three widely conserved proteins from distinct positions within 
the substructure of the mitotic kinetochore: CeCENP-C (inner), 
KNL-1 (medial), and BUB-1 (outer). As expected, all three pro-
teins failed to localize to chromosomes in KNL-2–depleted 
embryos (Fig. 3 A). In reciprocal depletions, GFP–KNL-2 was 
present on chromosomes in embryos depleted of CeCENP-C, 
KNL-1, or BUB-1 (Fig. 3 B and Videos 8 and 9, available at 
http://www.jcb.org/cgi/content/full/jcb.200701065/DC1), placing 
KNL-2 with CeCENP-A at the top of the kinetochore assembly 
hierarchy (Fig. 3 E).
CENP-A containing nucleosomes play an important struc-
tural role in the condensation of mitotic C. elegans chromosomes 
that is independent of their role in directing kinetochore assem-
bly (Maddox et al., 2006). To determine whether KNL-2 is also 
required for chromosome condensation during mitotic entry, we 
used a recently developed quantitative assay to compare conden-
sation after the depletion of CeCENP-A, KNL-2, or CeCENP-C. 
The depletion of KNL-2 resulted in a severe condensation defect 
that was essentially identical to that observed after the depletion 
of CeCENP-A and distinct from the more subtle effects of 
CeCENP-C depletion (Fig. 3 C and Fig. S2, available at 
http://www.jcb.org/cgi/content/full/jcb.200701065/DC1). Con-
densation analysis is performed solely on chromatin in the sperm 
Figure 2.  KNL-2 is required for CeCENP-A but not histone 
H3 targeting to chromatin. (A) CeCENP-A and KNL-2 
localization in wild-type, KNL-2–depleted, or CENP-A–
depleted embryos. (B) KNL-2 depletion does not prevent 
histone H3 localization. Note that GFP-histone H2b levels 
on chromatin were also unaffected (Fig. 1 A). (C) Quanti-
tation of CeCENP-A and histone H3 localization. For 
CeCENP-A analysis, KNL-2 was depleted in embryos ex-
pressing GFP-histone H2b, and the ﬂ  uorescence intensity 
ratio of CeCENP-A to GFP-histone H2b was calculated in 
deconvolved images of ﬁ  xed embryos. For histone H3, the 
signal on chromatin was directly quantiﬁ  ed. Error bars 
  represent the SEM with a conﬁ   dence interval of 0.95. 
(D) KNL-2 depletion does not affect CeCENP-A protein 
  levels. Immunoblot comparing serially diluted control 
C. elegans extract to CeCENP-A–and KNL-2–depleted 
C. elegans extracts is shown. α-Tubulin was used as a 
loading control. Bars, 5 μm.JCB • VOLUME 176 • NUMBER 6 • 2007  760
pronucleus, which is formed before introduction of the inhibi-
tory double-stranded RNA (dsRNA) and is consequently free of 
complications arising from meiotic defects (Maddox et al., 
2006). This result further confi  rms that KNL-2 is specifi  cally 
required for the assembly of CENP-A chromatin.
The aforementioned results suggest that KNL-2 physi-
cally associates with CeCENP-A nucleosomes to facilitate their 
loading and function. To test this idea, we isolated embryonic 
interphase nuclei from a strain expressing GFP–KNL-2, soni-
cated the chromatin to 500–1,500-bp fragments, and immuno-
precipitated the KNL-2 fusion protein with an anti-GFP 
antibody (Fig. 3 D). Analysis of the immunoprecipitates re-
vealed that CeCENP-A but not histone H3 was coenriched with 
KNL-2 by this procedure (Fig. 3 D). Complementing this bio-
chemical approach, high resolution imaging revealed the partial 
colocalization of KNL-2 with dispersed CeCENP-A foci in 
interphase nuclei (Fig. S3, available at http://www.jcb.org/cgi/
content/full/jcb.200701065/DC1). CeCENP-A and KNL-2 are 
the only centromere/kinetochore proteins identifi  ed in C. elegans 
to date that are present in nuclei throughout the cell cycle. 
 Cumulatively, these results indicate that KNL-2 and CeCENP-A 
are in close physical proximity on chromatin (and may associ-
ate directly), where they coordinately maintain centromere 
structure, initiate kinetochore assembly, and direct chromo-
some segregation.
Our initial efforts to identify KNL-2 homologues outside 
of nematodes were unsuccessful because the three nematodes 
with sequenced genomes are closely related rhabditids. Searches 
of the recently sequenced genome of the parasitic fi  larial nema-
tode  Brugia malayi (http://www.tigr.org/tdb/e2k1/bma1/) re-
vealed a more distant nematode KNL-2 homologue (Fig. 4 A). 
By aligning the Myb domain sequence from the fi  larial KNL-2 
with the analogous region of the three rhabditid proteins, we 
generated a profi  le that allowed us to identify a KNL-2–related 
subfamily of the Myb/SANT domain–containing protein super-
family with members in all sequenced vertebrates (Fig. 4 B). 
The human homologue of KNL-2 was independently discov-
ered in a recent study based on its physical association with 
Mis18 (Fujita et al., 2007). Mis18 was fi  rst found in fi  ssion 
yeast, and both fungal Mis18 and its human homologue are im-
plicated in CENP-A loading (Hayashi et al., 2004; Fujita et al., 
2007). No homologue of Mis18 is evident in nematodes, and no 
KNL-2 homologue is recognizable in fungi.
To determine whether the human homologue of KNL-2 
(which we refer to as HsKNL2) is required for CENP-A load-
ing, we characterized its localization using an affi  nity-purifi  ed 
antibody generated against amino acids 661–899 and performed 
siRNA-mediated depletion. HsKNL2 localizes to the centromere 
region of chromosomes prominently between late anaphase/
telophase and early G1 phase (Fig. 1 C), which coincides with 
the time of CENP-A loading in HeLa cells (see Jansen et al. 
on p. 795 of this issue). The reason for the difference in the 
  localization timing of KNL2 between nematode embryos and 
mammalian cells in culture is currently unclear. Most impor-
tantly, the depletion of HsKNL2 reduced centromeric levels of 
CENP-A as well as levels of the core kinetochore components 
hDsn1 (a subunit of the human Mis12 complex; Kline et al., 
2006) and Hec1 (the Ndc80-like subunit of the Ndc80 complex; 
Fig. 4, D–F; DeLuca et al., 2005). In contrast, phosphohistone 
H3 (S10) staining was unaffected (Fig. 4 G). HsKNL2 depletion 
did not affect CENP-A protein levels (not depicted), which is in 
agreement with the fi  ndings in C. elegans embryos (Fig. 2 D). 
Figure 3.  KNL-2 and CeCENP-A make functionally equivalent contribu-
tions to kinetochore assembly and chromosome condensation and are 
physically proximal on chromatin. (A) Like CeCENP-A, KNL-2 is required 
for the localization of CeCENP-C, KNL-1, and BUB-1 to kinetochores. 
(B) Depletion of CeCENP-C, KNL-1, or BUB-1 does not prevent GFP–KNL-2 
localization to chromatin. (C) CeCENP-A–and KNL-2–depleted embryos 
exhibit a similar chromosome condensation defect. Representative images 
of the sperm pronucleus at −370 and −210 s before nuclear envelope 
breakdown (for quantitation see Fig. S2, available at http://www.jcb.org/
cgi/content/full/jcb.200701065/DC1). (D) KNL-2 and CeCENP-A are 
physically proximal on chromatin. Nuclei puriﬁ  ed from C. elegans embryos 
expressing GFP–KNL-2 were sonicated to generate chromatin fragments 
of  500–1,500 bp. The sonicated chromatin was used as the input for 
anti-GST (control) and anti-GFP immunoprecipitations. Dilutions of the 
input chromatin and immunoprecipitates were blotted for KNL-2, CeCENP-A, 
and histone H3. Chromatin fragments enriched for KNL-2 were coenriched 
for CeCENP-A but not for histone H3 (Fig. S3). (E) CeCENP-A and KNL-2 
coordinately direct kinetochore assembly and chromosome condensation. 
Bars (A and B), 10 μm; (C) 2 μm.A MYB DOMAIN PROTEIN REQUIRED FOR CENP-A LOADING • MADDOX ET AL. 761
HsKNL2-depleted cells exhibited severe chromosome segrega-
tion defects, which is consistent with their dramatic kinetochore 
assembly defect (Fig. S4 and Video 10, available at http://www
.jcb.org/cgi/content/full/jcb.200701065/DC1). These results es-
tablish that involvement of the KNL2 protein family in CENP-A 
chromatin assembly is conserved between the holocentric 
chromosomes of nematodes and the monocentric chromosomes 
of vertebrates.
In summary, by using a functional genomic approach in 
C. elegans based on the signature CENP-A loss of the function 
phenotype during the fi  rst embryonic division, we identifi  ed a 
conserved Myb domain–containing protein family that is criti-
cal for CENP-A loading. The depletion of KNL-2 results in all 
of the defects expected for a CENP-A–loading factor, and, after 
extensive functional genomics analysis, KNL-2 is the only pro-
tein identifi  ed to date in C. elegans that meets this essential cri-
terion. The fact that KNL2 contains a Myb domain raises the 
exciting possibility that recognition of short, specifi  c DNA se-
quences may play a role in CENP-A deposition. Although studies 
of neocentromeres have suggested that centromere identity is 
not strictly defi  ned by DNA sequence (Choo, 2000; Cleveland 
et al., 2003), it remains possible that short sequence stretches 
bias centromeric chromatin assembly. Further investigation of 
how the Myb domain of the KNL2 protein family contributes 
to CENP-A loading will help elucidate the mechanism by which 
this widely conserved protein class directs centromeric chroma-
tin formation.
Materials and methods
RNAi and antibody production
RNAi was performed by injection of dsRNA against the target gene as 
  described previously (Desai et al., 2003). Embryos were analyzed from 
  injected adults that were kept for 48 h at 20°C after injection. For KNL-2, 
oligonucleotides A  A  T  T  A  A  C  C  C  T  C  A  C  T  A  A  A  G  G  T  C  G  A  C  T  T  G  G  T  C  G  G  A  C  A  G-
A  T  T   and T  A  A  T  A  C  G  A  C  T  C  A  C  T  A  T  A  G  G  T  G  C  G  A  T  A  T  G  T  G  G  C  G  T  T  A  T  G  T   were 
used to create an  1,000-bp dsRNA by standard methods; all other 
dsRNAs were previously described (Desai et al., 2003). siRNA treatment 
was performed as described previously (Kline et al., 2006) using a cock-
tail of oligonucleotides purchased from Dharmacon. Polyclonal antibodies 
were generated to amino acids 2–153 of KNL-2 and amino acids 661–
899 of HsKNL2 fused to GST and were afﬁ  nity puriﬁ  ed. Immunoﬂ  uores-
cence was performed as described previously using directly labeled 
polyclonal antibodies (Oegema et al., 2001). All immunoﬂ  uorescence 
images were acquired using a DeltaVision-modiﬁ  ed inverted microscope 
(IX70; Olympus) and Softworx software (Applied Precision) and were de-
convolved. Quantiﬁ  cation of immunoﬂ  uorescence was performed in Meta-
Morph software (Molecular Devices) on images acquired using ﬁ  xed 
exposure conditions.
HeLa and C. elegans culture
HeLa cells were cultured in DME as previously described (Kline et al., 2006). 
C. elegans was grown using standard conditions (Oegema et al., 2001).
Figure 4.  KNL-2 is the founding member of a widely con-
served protein family required for CENP-A loading in both 
invertebrates and vertebrates. (A) The Myb domain of the 
B. malayi KNL-2 homologue, which was aligned with two of 
the rhabditid KNL-2 Myb domains, was used to identify a 
  putative human KNL2 homologue (c14orf106). Shading in-
dicates degrees of conservation. (B) Tree of a small subset of 
the Myb/SANT domain protein superfamily aligned using 
Myb/SANT domain sequences. SANT domain proteins (red) 
are implicated in chromatin remodeling activities. The found-
ing canonical Myb protooncogene (A–C refer to three 
  isoforms in humans; gold) is a transcription factor that directly 
binds speciﬁ  c DNA sequences. A new subfamily (blue) is 
deﬁ  ned by the KNL-2 Myb domain and includes, in addition 
to the nematode members, a clear homologue in every se-
quenced vertebrate. KNL-2 homologues were not evident by 
sequence in fungi or Drosophila. GenBank/EMBL/DDBJ ac-
cession nos. for the putative vertebrate KNL2s are as follows: 
Hs, human c14orf106; Mm, mouse C79407; Gg, chicken 
XP_421481; and Xt, frog AL873597.2. (C) Localization of 
HsKNL2 in HeLa cells. The chosen ﬁ  eld includes cells in differ-
ent mitotic stages and highlights the striking increase in cen-
tromere staining in the late anaphase/telophase stage of 
the cell cycle. (D–F) HsKNL2 depletion dramatically reduces 
CENP-A localization at centromeres and equivalently reduces 
targeting of medial (hDsn1) and outer (Hec1) kinetochore pro-
teins. Anticentromere antibody staining was used to identify 
centromere regions in all cases but is not shown for brevity. 
The total number of kinetochores (kts) and cells in which ﬂ  uo-
rescence intensities were measured is indicated for each con-
dition. As expected from the kinetochore assembly defect, 
chromosome segregation is severely perturbed in HsKNL2-
  depleted cells (Fig. S4 and Video 10, available at http://
www.jcb.org/cgi/content/full/jcb.200701065/DC1). Error 
bars represent SEM. (G) HsKNL2 depletion does not affect 
phosphohistone (S10) H3 staining. Bars (C), 10 μm; (D, E, 
and G) 5 μm.JCB • VOLUME 176 • NUMBER 6 • 2007  762
Live imaging and GFP fusions
All live images were acquired via a spinning disk confocal microscope 
(CSU10; McBain Instruments) mounted on an inverted microscope 
(TE2000e; Nikon). Strain TH32 coexpressing GFP-histone H2b and 
GFP–γ-tubulin was imaged using a 60× 1.4 NA plan Apo objective 
with 1.5× auxiliary magniﬁ  cation and a cooled CCD camera (Orca ER; 
Hamamatsu) binning 2 × 2. Live imaging of HeLa cells was performed 
using similar imaging conditions at 37°C. Strain OD31 expressing 
GFP–KNL-2 was imaged in the same manner without the 1.5× auxiliary 
magniﬁ  cation. To construct strain OD31, oligonucleotides C  G  C  T  T  C  C  A  C  T-
A  G  T  G  G  T  G  A  T  A  C  G  G  A  A  A  T  T  G  T  T  C  C  T  C   and C  G  C  T  T  C  C  A  C  T  A  G  T  T  T  A  G  T  A  G-
A  T  G  G  A  T  G  T  G  T  C  T  T  C  T  T  C  A   were used to PCR KNL-2 from cDNA (provided 
by Y. Kohara, National Institute of Genetics, Shizuoka, Japan), and the 
resulting fragment was digested with SpeI and cloned into pIC26 to cre-
ate pPM3. pPM3 was biolistically transformed into C. elegans to gener-
ate a stable integrated strain. The HCP-3–GFP strain OD101 expressed 
HCP-3 with an internal GFP fused between the N-terminal tail and the 
histone core of HCP-3. The DNA construct for HCP-3–GFP bombardment 
was made by digesting a GFP PCR product (forward oligonucleotide 
G  C  G  C  G  G  A  G  C  T  C  C  A  T  G  A  G  T  A  A  A  G  G  A  G  A  A  G  A  A  C  T  T  T  T  C  A  C   and reverse 
oligonucleotide C  G  C  G  C  G  A  G  C  T  C  G  C  T  T  T  G  T  A  T  A  G  T  T  C  A  T  C  C  A  T  G  C  C  A  T  ) 
with Sac-I and inserting at a Sac-I restriction site within the HCP-3 coding 
region at residue 173. The HCP-3–GFP construct was then inserted at the 
Bam-HI site of pAZ132 and biolistically transformed into C. elegans to 
generate a stable, integrated strain. The YFP–CENP-A clonal cell line was 
a gift from D. Foltz (Ludwig Institute for Cancer Research, San Diego, CA; 
Foltz et al., 2006).
Biochemistry
Nuclei were isolated from adult OD31 C. elegans. In brief, synchronous 
liquid cultures of OD31 were grown until 5–10 embryos were present per 
adult. Embryos were isolated by bleaching, and blastomeres were dissoci-
ated by treatment with chitinase (0.5-μg/ml ﬁ  nal concentration; 30 min 
at RT; Sigma-Aldrich). Nuclei were isolated from blastomeres by dounce 
homogenization in a low ionic strength buffer (0.35 M sucrose, 15 mM 
Hepes-KOH, pH 7.6, 0.5 mM EGTA, 5 mM MgCl2, 10 mM KCl, 0.1 mM 
EDTA, and protease inhibitor cocktail) with digitonin (0.125% ﬁ  nal con-
centration; Sigma-Aldrich). Nuclei were washed in lysis buffer (50 mM 
Hepes, pH 7.4, 5 mM EGTA, 1 mM MgCl2, 300 mM KCl, 10% glycerol, 
0.1% Triton X-100, 0.05% NP-40, and protease inhibitors) and sonicated 
to create chromatin fragments. The sonicated mixture was clariﬁ  ed, and 
the supernatant was used for immunoprecipitations as described previ-
ously (Cheeseman et al., 2004). Western blots were performed using stan-
dard methods.
Condensation assay
Quantiﬁ  cation of mitotic chromosome condensation was performed as 
  described previously (Maddox et al., 2006) using strain TH32 and the 
  imaging conditions described in the Live imaging and GFP fusions section.
Online supplemental material
Fig. S1 shows that KNL-2 function is not restricted to the ﬁ  rst embryonic 
division of C. elegans. Fig. S2 shows that KNL-2 makes an equivalent 
contribution to CeCENP-A in condensation and partially colocalizes with 
CeCENP-A in interphase nuclei of C. elegans embryos. Fig. S3 shows that 
HsKNL2 is required for chromosome segregation in human cells. Video 1 
shows chromosome segregation in a control C. elegans embryo coexpress-
ing GFP-histone H2b and GFP–γ-tubulin. Videos 2 and 3 show chromo-
some segregation in CeCENP-A– (Video 2) and KNL-2–depleted (Video 3) 
C. elegans embryos coexpressing GFP-histone H2b and GFP–γ-tubulin. 
Video 4 shows GFP–KNL-2 in a control C. elegans embryo, and Video 5 
shows GFP–KNL-2 in a CeCENP-A–depleted C. elegans embryo. Video 6 
shows GFP–CeCENP-A in a control C. elegans embryo, and Video 7 shows 
GFP–CeCENP-A in a KNL-2–depleted C. elegans embryo. Videos 8 
and 9 show GFP–KNL-2 in CeCENP-C– (Video 8) and KNL-1–depleted 
(Video 9) C. elegans embryos. Video 10 shows DIC and YFP–CENP-A 
time lapse of control (top) and HsKNL2-depleted (bottom) mitotic HeLa 
cells. Online supplemental material is available at http://www.jcb.org/
cgi/content/full/jcb.200701065/DC1.
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